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Electrical conductivity and glass formation in
nitrile-functionalized pyrrolidinium bis(trifluoro-
methylsulfonyl)imide ionic liquids: chain length
and odd–even effects of the alkyl spacer between
the pyrrolidinium ring and the nitrile group
Jan Leys,*a Chandra Shekhar Pati Tripathi,†a Christ Glorieux,a Stefan Zahn,b
Barbara Kirchner,c Ste´phane Longuemart,d Kallidanthiyil Chellappan Lethesh,e
Peter Nockemann,‡e Wim Dehaene and Koen Binnemanse
The electrical conductivity of a series of pyrrolidinium bis(trifluoromethylsulfonyl)imide ionic liquids,
functionalized with a nitrile (cyano) group at the end of an alkyl chain attached to the cation, was
studied in the temperature range between 173 K and 393 K. The glass formation of the ionic liquids is
influenced by the length of the alkyl spacer separating the nitrile function from the pyrrolidinium ring.
The electrical conductivity and the viscosity do not show a monotonic dependence on the alkyl spacer
length, but rather an odd–even effect. An explanation for this behavior is given, including the potential
energy landscape picture for the glass transition.
1 Introduction
The interest in ionic liquids, solvents that consist entirely of
ions, stems from a number of remarkable physical and
chemical properties, among which the wide liquid range, low
vapor pressure, large electrochemical window and high elec-
trical conductivity.1–6 The diversity of possible ionic liquids
leads to a multitude of possible systematic series of compounds
that can be studied: due to their salt nature, the properties of
ionic liquids can be tuned by selecting appropriate cation–
anion combinations, with or without specific functional
groups, leading to the notion of task-specific ionic liquids.7
The ionic liquids from this work are an example of a series
that combines the often-used bis(trifluoromethylsulfonyl)imide
(= bistriflimide) anion with a nitrile-functionalized cation. The
bis(trifluoromethylsulfonyl)imide ionic liquids are typically
very convenient in terms of the melting point and electro-
chemical properties, but they are weakly coordinating, leading
to a low solubility of inorganic salts and consequently limited
potential for electrodeposition and related applications that
require the dissolution of metals. This is resolved by the
addition of a coordinating nitrile group on the cation.8,9 The
nitrile group can be attached to the core of the cation either
directly10–12 or via an alkyl spacer.8,9,13–17
The particular series of functionalized ionic liquids in the
present work has been discussed earlier by several of us: nitrile-
functionalized pyrrolidinium bis(trifluoromethylsulfonyl)imide
ionic liquids, aimed for solubilization of metal salts in catalytic
or electrochemical applications.18 In this series, the nitrile
group was attached to the pyrrolidinium ring via an alkyl spacer
of varying length. This set of nitrile-functionalized ionic liquids
was further extended by not only considering pyrrolidinium
bis(trifluoromethylsulfonyl)imide ionic liquids, but also cations
based on pyridinium and piperidinium heterocycles.19 The
physical and chemical properties of these nitrile-functionalized
ionic liquids, in particular the coordination of metal ions, were
found to be influenced by the alkyl spacer length. An increase in
the alkyl spacer length not only leads to lower melting points,
but also to a more negative partial charge on the nitrogen atom
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of the nitrile group. This, in turn, influences the coordinating
ability of the nitrile group and the formation of complexes with
metals.
One specific property of ionic liquids is that they are often
difficult to crystallize, and form a glass upon cooling. Together
with the possibility to easily synthesize systematic series, many
researchers, including several of us,20,21 have used ionic liquids
to study the properties of liquids towards the glass transi-
tion.22–57 Previous research has provided quite some insight
into the correlations between molecular interactions and the
fragility, a measure for how ‘‘fragile’’ the glassformer is,
namely, how fast its properties change upon cooling, expressed
as the (rescaled) activation energy at the glass transition
temperature.58–60 Some of these studies have attempted to
interpret the structure–property and structure–fragility rela-
tions in a more profound way, by identifying which type of
interaction or specific parameter is responsible for the
observed changes. Examples of such interactions or parameters
are: the molecular volume27,47 and the shape,31 which stress the
steric interactions; DpKa for protic ionic liquids;
25 the van der
Waals forces for alkyl chain length variations;20,30,33,48,49 and
hydrogen bonding strength.20,21,36,48 Apart from this, many
researchers have reported correlations between several physical
properties, in particular for the (microscopic and macroscopic)
transport properties.24,29–31,36–39,42,43,46
Since the glassforming properties of materials are, in the
energy landscape picture,61,62 strongly influenced by the inter-
molecular interaction potential, nitrile-functionalized ionic
liquids offer an interesting extra in the study of glass formation
in ionic liquids. In addition to the Coulombic and steric forces
present in all ionic liquids, this series adds (variable) dipole
and hydrogen bond interactions through the nitrile group. It
thus forms a natural extension of earlier work of several of
us.20,21 In ref. 20, the influence of the variation of the terminal
alkyl chain of alkylmethylimidazolium tetrafluoroborate ionic
liquids [Cnmim][BF4] on the glass formation was studied, and a
clear but limited effect on the fragility: an increasing chain
length corresponded to a decreasing fragility, and the increas-
ing van der Waals forces were put forward to explain this effect
in the energy landscape picture. Ref. 20 included also a series of
[C6mim]
+ ionic liquids with varying anions, a concept system-
atically deepened in ref. 21 for [C4mim]
+ ionic liquids with
halide anions. This leads to a much larger variation in fragility,
and this was coupled to the cation–anion interaction strength,
in particular via hydrogen bonding. As indicated above, the
coordinating properties of nitrile-functionalized ionic liquids
are dominated by the surface charge interactions.18,19 It is
therefore a very natural question whether these localized,
specific interactions also have an influence on the glassforming
behavior. From the discussion above, this can be expected
a priori, but, on the other hand, the separation of the different
contributions of the intermolecular interactions may be diffi-
cult. In order to investigate this, the series of nitrile-
functionalized ionic liquids from ref. 18 was extended with
members with a longer alkyl spacer. The electrical conductivity
of the ionic liquids was chosen as the main experimental probe,
and several supporting experimental techniques as well as
computer simulations were used to interpret the data.
In this work, a series of 1-cyanoalkyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ionic liquids will be investi-
gated with special focus on their glassforming behavior. For
members with alkyl spacer lengths n = 1, 2, 3, 4, 5, 7 and 10, the
temperature dependence of the electrical conductivity is stu-
died in combination with other experimental techniques and
computational methods. In the following, these compounds
will be indicated by nCN, with n the alkyl spacer length. Their
general structure is given in Fig. 1.
2 Experimental
2.1 Synthesis
Ionic liquids from the 1-cyanoalkyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide series with alkyl spacer
lengths n = 1, 2, 3, 4, 5, 7 and 10 were synthesized. These
compounds will be indicated by nCN, with n the alkyl spacer
length. Their general structure is given in Fig. 1.
For the synthesis of these compounds, three different routes
were followed. For n = 1, 3, 4, and 5, quaternization of
N-methylpyrrolidine with the respective a,o-bromoalkanenitrile
was used, followed by an anion-exchange reaction. For n = 2, this
direct quaternization had a very low yield and an alternative
route was used, by reaction of pyrrolidine with acrylonitrile,
followed by quaternization with iodomethane. These two routes
are detailed in ref. 18. 10CN was synthesized by the quaterniza-
tion reaction of N-methylpyrrolidine with the precursor
11-bromoundecanenitrile followed by an anion-exchange reac-
tion with lithium bis(trifluoromethylsulfonyl)imide. The precur-
sor was synthesized from 11-bromoundecanoic acid by a
two-step reaction procedure. In the first step 11-bromoundecanoic
acid was treated with thionyl chloride followed by a concentrated
ammonium hydroxide solution resulting in the formation of
11-bromoundecanamide. In the second step, 11-bromoundecan-
amide was converted to the precursor by the reaction with thionyl
chloride at 90 1C for two hours. The detailed synthesis procedure of
the precursor was mentioned in the supporting information of
ref. 19. 7CN was also prepared by the same reaction procedure
starting from 8-bromooctanoic acid.
In order to verify any potential influence of the synthetic
procedures, the synthesis and electrical conductivity measure-
ments were repeated for 1CN, 3CN and 10CN. No significant
Fig. 1 General structure of the series of nitrile-functionalized pyrrolidi-
nium bis(trifluoromethylsulfonyl)imide ionic liquids nCN. In this work, the
compounds with n = 1, 2, 3, 4, 5, 7 and 10 are studied.
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differences were found between the first and second batch of
the compounds.
2.2 Experimental techniques
The electrical conductivity s was obtained from complex elec-
tric impedance measurements. The sample was placed between
two stainless steel electrodes with a diameter of 17 mm and a
teflon spacer of 0.75 mm was used. The assembly was placed in
an airtight cell. The complex electric impedance was measured
using a Novocontrol Alpha dielectric analyzer in the frequency
range from 0.1 Hz to 10 MHz. The temperature was controlled
using a Novocontrol Quatro temperature controller in the range
from 173 K to 393 K. From the impedance the complex dielectric
permittivity was calculated and the procedure described in
ref. 20 was used to extract the value for the electrical conductivity
at different temperatures.
The glass transition temperature Tg was determined by
differential scanning calorimetry (DSC) measurements. An
aluminum sample holder was placed in a TA Instruments
Q1000 DSC under nitrogen flow. The glass transition tempera-
ture was determined as the value of the inflection point of the
heat flow determined in a 10 K min1 heating run.
For both electrical conductivity and Tg measurements, con-
siderable care was taken to minimize the amount of water in ionic
liquids. The ionic liquids were dried in a vacuum line at 60 1C for
48 hours. Karl Fischer titration showed that a water content of
below 30 ppm was reached. For the conductivity measurements,
the samples ware immediately transferred from the drying setup
to the closed measurement cell. The DSC samples were trans-
ported in closed containers to the setup. After mounting, they
were dried additionally in situ, by heating the pierced sample pan
to 70 1C for 1–2 hours in a dry nitrogen atmosphere.
For all the compounds, the density and viscosity were
measured at room temperature as described in ref. 18. Note
that the values reported in ref. 18 for the density and viscosity
of 1CN were found to be incorrect. The corrected values are
reported in Table 1 in this work.
2.3 Computational details
The programs provided by the Turbomole-suite were applied
for all calculations.63 Structures were optimized with the
BP86-D density functional64–66 for which the resolution of
identity approximation can be employed.67–69 The TZVP basis
set was applied in all calculations70 and the convergence
criterion of the iteration cycle was increased to 108 Hartree.
All structures were optimized with the COnductor-like Screen-
ing MOdel (COSMO) continuum solvation model71 in which the
dielectric constant e was set to N. The selected value is based
on computational studies pointing to a strong charge screening
in ionic liquids.72,73 Therefore, a dielectric constant e = N was
suggested as a more appropriate value than the small measured
experimental one to model ionic liquids in computational
models.72 All shown s-profiles were obtained by COSMOtherm.74
3 Results and discussion
3.1 Phase behavior
None of the compounds crystallized out during the DSC cooling
runs, only a glass transition was observed. Upon reheating the
samples, the glass transition was observed again. In the case of
1CN, 2CN and 10CN, cold crystallization (crystallization during
the heating of a supercooled liquid) occurred. The observed
glass transition temperatures Tg and melting points Tm are
reported in Table 1. As an example, the DSC trace of 1CN is
presented in Fig. 2. Whereas upon cooling only a glass transition
Table 1 Physical properties of the nCN ionic liquids
Ionic liquid
Tm
a
[1C]
Tg
b
[1C]
rc 20 1C
[g cm3]
Mw
d
[g mol1]
Vm
e 20 1C
[cm3 mol1]
Z f 20 1C
[mPa s]
sg 20 1C
[S m1]
Lh 20 1C
[S cm2 mol1]
LZ 20 1C
[S cm2 mPa s mol1]
1CN 7 71 1.532i 405.34 264.58 580i 0.043 0.12 67
2CN 0 70 1.512 419.36 277.35 490 0.075 0.21 102
3CN — 70 1.475 433.39 293.82 345 0.064 0.19 65
4CN — 72 1.439 447.42 310.92 300 0.093 0.29 87
5CN — 71 1.435 461.44 321.56 450 0.044 0.14 63
7CN — 76 1.353 489.50 361.79 280 0.078 0.28 79
10CN 22 74 1.289 531.58 412.40 390 0.047 0.19 76
a Tm: melting temperature.
b Tg: glass transition temperature.
c r: density, obtained from ref. 18. d Mw: molecular weight.
e Vm: molar volume,
Mw/r.
f Z: viscosity, obtained from ref. 18. g s: electrical conductivity. h L: molar electrical conductivity, sVm.
i This value is obtained from a new
measurement. The values earlier reported in ref. 18 (r = 1.157 g cm3 and Z = 540 cP, respectively) were incorrect.
Fig. 2 DSC trace for 1CN. Tg, Tcryst and Tmelt indicate the peaks corre-
sponding to the glass transition, crystallization (upon heating) and melting
of the compound. Exothermic peaks are pointing upwards.
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was observed, the following thermal events were observed in the
heating run, in order of increasing temperatures: glass transi-
tion, cold crystallization and finally the melting point at 7 1C.
This behavior was found to be reproducible over different
heating–cooling cycles.
These results are consistent with the earlier determina-
tion reported in ref. 18, where only crystallization was
observed for 1CN. Because of the low temperature limit of
the DSC used in ref. 18, 60 1C, the glass transitions could not
be observed.
During the electrical conductivity measurements, the phase
behavior observed in DSC scans was largely confirmed. How-
ever, some differences were noted, because of the slower
effective cooling rates compared to a DSC experiment, as such
slower rates may favor crystallization over glass formation. 1CN
did supercool until about 20 1C, after which it crystallized.
Melting was observed between 5 1C and 10 1C. Because of this
behavior, its glass transition could not be reached. Data for
2CN show a deviation from the normal curved behavior below
30 1C. s decreases slower with temperature, and follows the
same trajectory upon heating until reaching the normal curved
behavior from the (supercooled) liquid phase. The reason for
this anomalous low temperature behavior is not clear, but it
was also observed earlier.21 However, since no melting is
observed, it cannot be attributed to crystallization. It also does
not resemble the crystallization/melting behavior as exposed in
detail in ref. 75. 3CN, 4CN, 5CN and 7CN did not show any sign
of crystallization or melting: these samples stayed in the liquid
and glass phases throughout the conductivity experiments. For
10CN, the glass transition could be reached upon cooling,
however, while heating the sample cold crystallized and melted
at about 22 1C.
3.2 Temperature dependence of the electrical conductivity
The temperature dependence of the electrical conductivity was
measured in three cooling and two heating runs. The values
over the different runs were consistent, as expected given the
controlled measurement environment and the chemical stabi-
lity of the compounds. In Fig. 3 the results for the ionic liquids
(one cooling run for each and the crystalline phases of 1CN and
10CN upon heating) are presented. Upon cooling, all com-
pounds show the typical curved behavior observed in many
(fragile) glassforming systems. 1CN could not be cooled below
about 20 1C before it crystallized, but for 10CN, the glass
transition could be easily reached. The sample then cold-
crystallized, and melted again upon heating.
The evolution of the conductivity in the crystalline phases
suggests that the melting of an ionic liquid is a rather gradual
process. Similar behavior was also observed in the imidazolium
ionic liquids with a crystalline phase that we measured before,20,21
and also for example in ionic liquids with bis(trifluoromethyl-
sulfonyl)imide anions76 or with dicyanamide anions.33 This can
probably be rationalized by a crystal structure with a consider-
able amount of defects, stemming from the asymmetry between
cations and anions. The presence of these defects enhances the
molecular mobility necessary for the conductivity, and the
number of defects increases rapidly with temperature.
The absence of data at lower temperatures is a consequence
of the lower limit of the frequency range: values lower than
1011 S m1 cannot be obtained without extending the
measurement frequency range to values below 102 Hz, which
considerably increases the measurement time to impractical
durations (hours to days would be needed for an additional
decade in conductivity). However, data points were acquired
down to Tg for all nCN compounds except 1CN and 2CN,
making a reliable analysis of the temperature dependence
possible. The crystallization of 1CN and the anomalous low
temperature behavior of 2CN will make the analysis of these
compounds more difficult.
3.3 Comparison of different physical properties
The room-temperature values of the viscosity and electrical
conductivity are given in Table 1. As a first observation, neither
viscosity nor conductivity show a monotonic variation as a
function of the alkyl spacer length. This contrasts with the
observations for increased alkyl chain length in conventional
ionic liquids.20,28,30,32
Further on, the series provides some confirmation related to
the Walden rule, stating that the molar conductivity and the
viscosity are inversely proportional: LZ = constant.4,77 Since s =
nqm (thus assuming Ohmic conductivity), D = kBT/(cpZr), the
Stokes–Einstein relation, and using the Einstein relation to
relate m and D as D = mkBT, one arrives at s = nq/(cpZr), which
can be rewritten as s = C0/(Zr) or LZ = C/r. In the previous
expressions, s is the electrical conductivity, n is the number
density of charge carriers, q the charge per carrier, m the
mobility, kB the Boltzmann constant, T the temperature, cp a
constant depending on the system (c = 6 for spheres), Z the
viscosity, r the hydrodynamic radius, D the diffusion coefficient
and L the molar conductivity.4,78 Thus, according to the theory
of Brownian motion, the constant is a property of the ionic
liquid, inversely proportional the molecular radius. In this
Fig. 3 Overview of the electrical conductivity values for all nCN ionic
liquids. The data are obtained in a cooling run. For 1CN and 10CN, data
from the subsequent heating run in the crystalline phase is also included.
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series, we observe that the Walden product somewhat
decreases with increasing chain length, which is equivalent to
increasing molecular volume and increasing radius, thus fol-
lowing the expected tendency.
3.4 VFT parameters and the fragility
Fig. 3 shows that the curves of the electrical conductivity versus
temperature of the investigated ionic liquid series are crossing
each other. Such ‘‘crossovers’’ have not often been seen for
series of similar ionic liquids, only when the variations in
the series are quite large;26,29 typically the curves do not
cross.20–23,28,30–32,39,40 This indicates that there are subtle bal-
ances in this series between the influences of different physical
aspects on the related parameters (glass transition tempera-
ture, room temperature conductivity,. . .).
In order to obtain some quantitative information about the
temperature dependence of the electrical conductivity and the
glassforming behavior of the ionic liquids, we have calculated a
number of quantities. First, fits were performed to the Vogel–
Fulcher–Tammann (VFT) equation,79
sðTÞ ¼ s1 exp  B
T  T0
 
; (1)
where the quantity kBB can be seen as the high temperature
limit of the effective activation energy, sN as the high tem-
perature limit of the conductivity and T0 as the Vogel tempera-
ture (the temperature below Tg at which the VFT equation
diverges); kB is the Boltzmann constant. Instead of B, a rescaled
value D is also used, where B = DT0. From the fitting parameters
the fragility m was calculated according to ref. 59
m ¼ d log10 s
1 
d
Tg
T
 

T¼Tg
¼ B
ln 10
Tg
Tg  T0
 2: (2)
Also the temperature dependent effective activation energy
EA(T) was calculated, which is closely related to the
fragility, since
EAðTÞ ¼ kB
d ln s1
 
d
1
T
  ; (3)
showing that the fragility after rescaling corresponds with the
value of EA(T) at Tg.
The results from the VFT fits are summarized in Table 2.
Because of the limited temperature range over which conduc-
tivity data are available for 1CN and 2CN, it was necessary to fix
the value of T0 to obtain physically sensible values for the VFT
parameters. Values for T0 were chosen close to those for the
other compounds, and the effect of this small variation of T0
was studied. Within the studied values, the choice of T0 clearly
influences the values of the VFT parameters, but it does not
alter the major tendencies observed in the spacer chain length
dependence. The most noticeable tendencies that can be seen
from the table are the oscillation of the values of T0, Tg and m,
whereas sN and B are monotonic in the chain length. This
discrepancy between these tendencies for the low-temperature/
glass formation properties and the high-temperature properties
will be subject of the discussion below.
Fig. 4 shows the temperature dependence of the activation
energy EA for the different nCN ionic liquids. The top panel of
Fig. 5 shows a number of slices through this plot, allowing
the comparison of the chain length dependence at different
temperatures, as well as a comparison with the fragility values
in the lower panel. These plots clearly indicate that the pro-
perties of the compounds become more differentiated at
lower temperatures. The similarity between the fragility m,
which is calculated from the fitting parameters of s, and the
activation energy EA at the lowest temperatures, directly calcu-
lated from s, is clear.
Table 2 Vogel–Fulcher–Tammann fit parameters and fragility
Compound
ln(sN)
a
[S m1]
Bb
[K]
T0
c
[K]
Tg
d
[K] De m f
1CN 5.34  0.03 1093  4 [165] 202 6.62 69  5
5.29  0.03 1077  4 [166] 6.49 72  5
5.23  0.03 1060  3 [167] 6.35 75  5
2CN 3.79  0.03 630  4 186.7  0.3 201 — —
4.92  0.03 910  5 [166] 5.48 64  5
4.96  0.03 925  5 [165] 5.60 62  5
5.02  0.03 940  5 [164] 5.73 60  5
5.07  0.03 954  5 [163] 5.85 57  5
5.13  0.03 969  5 [162] 5.98 55  5
3CN 5.01  0.03 991  4 166.9  0.2 203 5.94 67  4
4CN 4.94  0.03 967  8 162.4  0.3 199 5.95 61  5
5CN 4.39  0.03 959  12 165.7  0.2 202 5.78 64  4
7CN 3.95  0.05 903  10 160.7  0.4 197 5.64 60  4
10CN 2.88  0.03 857  10 162.2  0.2 198 5.28 57  5
The values of T0 for 1CN and 2CN that are listed in square brackets
were fixed in the fitting. See the text for more details. a sN: infinite
temperature limit of the electrical conductivity. b B: VFT quasi-
activation energy. c T0: Vogel temperature.
d Tg: glass transition tem-
perature. e D: rescaled quasi-activation energy, D = B/T0.
f m: fragility.
Fig. 4 Temperature dependent activation energy EA(T) versus 1/T for the
nCN ionic liquids, calculated according to eqn (3).
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3.5 Computational results
The length of the alkyl spacer influences the charge distribu-
tion within the cation between the nitrogen in the strongly
polar nitrile group (NCN) and the nitrogen atom in the pyrroli-
dinium ring (X4). When both nitrogen atoms are close to each
other, a significant influence of the partial charge on the
neighboring carbon atoms of the linking alkyl chain can be
observed, see qNPA of CR and CCN in Table 3. The influence of
both nitrogen atoms on each other decreases very rapidly with
increasing alkyl spacers. Already, more than five methylene
bridging groups do not show any significant influence on
the local charge distribution on atoms close to both nitrogen
atoms.
One expects a better charge delocalization by introducing a
nitrile group which should result in a lower viscosity. However,
compound 1CN shows the highest viscosity of all investigated
compounds. To understand this phenomenon, one should
recognize that mainly the surface area of a molecule interacts
with each other. Therefore, a strongly localized but well intra-
molecular screened charge can result in an overall better charge
delocalization on the molecular surface. We would like to
highlight that the concept of surface charge interaction is
fundamental within the conductor-like screening model for
realistic solvation (COSMO-RS) which shows good results in
the prediction of ionic liquid properties.81–83 One example is
the comparison of tetraalkylammonium and -phosphonium
based ionic liquids.84 The latter show a lower viscosity than
comparable ammonium ionic liquids, see Table 4 for selected
examples. In agreement with the expectations, phosphonium
ionic liquids show a stronger charge localization on the pnico-
gen atom (compare X4 of 1-butyl-1-methylpyrrolidinium (N4H)
and its phosphonium analog (P4H) in Fig. 6) which results in a
less positively charged molecular surface due to the stronger
charge screening in the phosphonium compounds, compare
the s-profile of N4H and P4H in Fig. 7. If a nitrile group with a
short methylene bridge is introduced, the charge screening in
the cation is further reduced and the positive charge on the
molecular surface is increased significantly, see 1CN in Fig. 6
and 7. This results in a preferred interaction site for anions
which might lead to a steep curve of the energy potential. The
positively charged region nearly vanishes from 1CN to 3CN and
might give a hint for the significant decrease of viscosity from
1CN to 3CN. For large alkyl spacers, mainly the uncharged
surface area is increased which might result in nano-scale
segregation affecting the potential energy surface and viscosity
as well.
3.6 Discussion
In previous work information was extracted from experimental
data on the temperature dependence of the electrical conduc-
tivity of ionic liquids, and the relation with their molecular
structure.20,21,23–39,41–47,49–51,54–56 The interpretation of tenden-
cies of changing electrical conductivity behavior with varying
ionic details was done in the framework of an energy landscape
Fig. 5 Top panel: activation energy EA as a function of alkyl spacer length
for selected temperatures. Bottom panel: fragility m as a function of alkyl
spacer length. The solid and dashed lines are guides to the eye, the dashed
lines are used for non-successive members in the series.
Table 3 Natural population analysis (NPA) of partial charges80 (qNPA) in
a.u. Atom labels are illustrated in Fig. 6. +HR is the average of the
hydrogen atoms attached to CR
X4 NCN CMe CR +HR CCN
1CN 0.34 0.33 0.44 0.34 0.32 0.30
2CN 0.35 0.39 0.44 0.22 0.28 0.34
3CN 0.34 0.42 0.44 0.23 0.27 0.35
4CN 0.34 0.43 0.44 0.23 0.26 0.35
5CN 0.34 0.44 0.43 0.23 0.26 0.35
7CN 0.34 0.44 0.43 0.23 0.26 0.35
10CN 0.34 0.44 0.43 0.23 0.26 0.35
N4H 0.35 — 0.43 0.23 0.26 —
P4H 1.58 — 0.99 0.78 0.28 —
Table 4 Comparison of viscosity of tetra-n-alkylammonium and
-phosphonium based ionic liquids. Z: viscosity measured at 25 1C; [NTf2]
:
bis(trifluoromethylsulfonyl)imide
R1 R2 R3 R4 Anion
NR1R2R3R4
Z [mPa s]
PR1R2R3R4
Z [mPa s]
C2H5 C2H5 C2H5 C5H11 [NTf2]
 17285 8885
C2H5 C2H5 C2H5 C8H17 [NTf2]
 21785 12985
C2H5 C2H5 C2H5 C12H23 [NTf2]
 31685 18085
C4H9 C4H9 C4H9 C6H13 [NTf2]
 39786 26186
C4H9 C4H9 C4H9 C8H17 [NTf2]
 57422 25087
C2H5 C2H5 C2H5 CH2OCH3 [NTf2]
 6985 3585
C2H5 C2H5 C2H5 C2H4OCH3 [NTf2]
 8585 4485
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picture for glassformers, in which sharp and deep minima in
the inter-ionic interaction energy (versus inter-ionic coordi-
nates) act as immobilizing entities, and thus counteract elec-
trical conduction. The immobilizing effect is reflected in the
activation energy, which can be read from the slope of the
Arrhenius plot of log s versus 1/T, due to the relation
sðTÞ ¼ s0 exp EAðTÞ
kBT
 
; (4)
equivalent to eqn (3). The energy landscape of fragile glass-
formers contains many deep and sharp minima, which are
becoming less populated with increasing temperature. At
higher energy levels (populated more frequently towards high
temperatures) the energy landscape of glassformers typically
looks more smooth. As a result, the activation energy EA of
fragile glassformers significantly decreases with increasing
temperature, as quantified in a high fragility value. For strong
glassformers, the energy landscape looks more similar between
low and high energy levels, as expressed by a low fragility.
Sharp valleys in the energy landscape reflect the presence of
inter-ionic interactions that are strong and strongly local. The
interactions in ionic liquids can be classified into repulsive
effects due to steric hindrance, van der Waals attraction
between alkyl chains, inter-ionic linking due to hydrogen
bonding, and Coulombic interactions due to the net ion
charges (attractive between anions and cations, repulsive
between ions of the same kind). From these interactions,
hydrogen bonding typically occurs in a very specific inter-
ionic spatial conformation, leading to a high activation energy
at low temperatures, and thus to a high fragility. The same is
true for Coulombic interactions, provided the ionic charges are
strongly localized. When Coulombic interactions are dominat-
ing, the fragility is thus a good indicator for the degree of
localization of the ionic charges.20,21,26,27,29,36 Low fragility
values, reflecting a weak dependence of the activation energy
on temperature, can also indicate an abundance of less local
interactions, such as van der Waals interactions between long
alkyl chains.20,30 In this picture, the temperature dependence of
the activation energy gives an idea on the relative importance of
the different interactions.
In the following, we investigate how the length of the alkyl
chain spacer between the strongly polar nitrile group and the
pyrrolidinium ring in a nitrile-functionalized pyrrolidinium
bis(trifluoromethylsulfonyl)imide ionic liquid is changing the
balance between the different inter-ionic interactions. This is
done by analyzing the temperature dependence of the activa-
tion energy, the overall fragility, and the glass transition
temperature, as extracted from the temperature dependent
electrical conductivity, which are indicators of the nature of
the energy landscape. The interpretation of the experimental
observations is supported by the charge distribution simulations.
Fig. 4 and 5 show that the activation energy at high tem-
peratures does not significantly change with the length of the
alkyl spacer, confirming that the higher zones in the energy
landscape (dominantly populated at high temperatures) are
quasi insensitive to the molecular details. The activation energy
at low temperatures and correspondingly the fragility decrease
with increasing chain length. On one hand, this is consistent
with an increase of steric hindrance effects and of the van der
Waals interactions between alkyl chains, which mask the
strongly local hydrogen bond and Coulombic interactions. On
the other hand, the length of the alkyl spacer also influences
Fig. 7 Comparison of the s-profile of the four cations illustrated in
Fig. 6, 5CN, and 10CN.
Fig. 6 Ball-and-stick model of four ionic liquid cations with an illustration of the s-surface below. From left to right: 1CN, 3CN, N4H, and P4H. Blue color
is a positively charged surface area while yellow/red is a negatively charged surface area of the molecule.
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the mutual electron attracting effect within the cation between
the nitrogen in the strongly polar nitrile group and the posi-
tively charged nitrogen atom on the aromatic chain. When both
nitrogen atoms are close to each other, their electronic attrac-
tions compete with each other, resulting in a larger spreading
of the charge between them, as illustrated by the evolution of
the charge on the two nitrogens and on the carbon of the nitrile
group versus chain length in Fig. 6 and Table 3. The larger
spatial spread of positive charge is expected, at first sight, to
have a smoothing effect on the deeper parts of the energy
landscape, and thus a reduction of activation energy at low
temperatures. This effect is not reflected in the experimental
data. However, as discussed above for the viscosity, this assess-
ment of the charge spreading ignores the accessibility of the
charged regions and thus leads, in the end, to the experimen-
tally observed effect.
Interestingly, the experimental data for the fragility (Fig. 5),
the low temperature activation energy (Fig. 4 and 5) and the
glass transition temperature (Fig. 5) show a significant odd–
even effect in their dependence on the spacer chain length n. To
the best of our knowledge, this series is amongst the first ionic
liquid series to show profound odd–even effects in its glass
formation properties (for other physical properties, there exist
examples, although their prevalence appears to be limited,
some examples are ref. 28, 57 and 88–94). It should be noted
that ionic liquids with an odd number of carbon atoms in the
alkyl chain are not often made because their precursors are
much more expensive. Unfortunately, due to unavailability of
the n = 6, 8 and 9 compounds, the effect could only be verified
clearly till n = 5. The main feature changing with odd and even
spacer lengths is the orientation of the polar CN end group with
respect to the rest of the cation. Both the aromatic part of the
cation (hydrogen bonding) and the nitrile end group (hydrogen
bonding) play an important role in the inter-ionic interactions,
also their mutual orientation affects the easiness or frustration
of the molecular packing, the inter-ionic distances and thus the
activation energy.
In summary, this series of ionic liquids shows how room
temperature properties as well as the glass formation behavior
are influenced by the evolution of the dominating components of
the intermolecular interaction potential. For the shorter alkyl
spacer lengths, localized interactions are dominating the potential,
with components originating from hydrogen bond interactions,
specific Coulombic interactions from the charge spreading effects
and steric effects from the nitrile end group position as they arise
from the odd–even effects in alkyl chain conformation. For the
longer alkyl spacer lengths, less localized interactions are dom-
inating, the main components are the increased van der Waals
interactions and non-specific Coulombic interactions.
4 Conclusion
Based on the temperature dependence of the electrical conductivity
of nitrile-functionalized pyrrolidinium bis(trifluoromethylsulfonyl)-
imide ionic liquid for different lengths of the alkyl spacer between
the pyrrolidinium-ring and the nitrile group (cyano group), some
interesting conclusions could be drawn on the effect of molecular
details on the ionic mobility, within an energy landscape picture in
which strongly localized interactions go along with a large activation
energy at low temperatures, and thus with a high fragility and high
glass transition temperature.
Increasing the alkyl spacer length turns out to reduce the
fragility. This is consistent with an increase of the weakly
localized van der Waals forces between alkyl chains. Interest-
ingly, both experimental and computational results also indi-
cate that the intermolecular interactions and resulting viscosity
are not so much influenced by the ionic charge localization as
such, but by the localization of surface charges in particular. A
strongly localized but well intramolecular screened charge can
even result in an overall better charge delocalization on the
molecular surface.
However, an odd–even effect in the chain length depen-
dence of the glass transition parameters infers that the orienta-
tion of the nitrile-group with respect to the rest of the cation
plays an important role in the ionic mobility, most probably
due to associated effects on the easiness of the anion rotating
around the cation, and overall packing. In retrospective, we
noticed a similar odd–even effect in a study on [Cnmim][BF4],
albeit less pronounced, and with the n = 1 and n = 2 cases
missing.20
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